the outflow tract during systole. Accordingly, recent numerical, in vitro and in vivo observations suggest that these vortex patterns minimize the fluid energy dissipation and optimize the LV myocardial efficiency [1] , [4] . Vortices that form during LV filling thus have specific geometries and locations which could be determinant factors of the heart function [5] , [6] . In patients with abnormal heart function, like acute myocardial infarction, there is an impairment of the wall motion that may disturb the flow and thus affect the geometry of the diastolic vortices. In addition, retrograde (counter-rotating) apical vortices may appear in the apex in early stages of heart failure [7] . As a result of this abnormal vortex formation, an increase in fluid energy dissipation is expected to occur, which may result in a significant increased cardiac work and oxygen demand. Besides phase-contrast MRI, one technique has been used to quantify the vortices in the LV: optical flow carried out on B-mode frames (echo-PIV) [8] , [9] . Echo-PIV requires continuous intravenous injection of contrast agent to acquire intensity images suited for the cross-correlation algorithm. Due to the unstable property of bubble aggregates in the LV, a complex fine-tuning of the contrast infusion before image acquisition is required, which seriously limits the application of echo-PIV in the clinical practice. Another recent method used to investigate vorticity is vector flow mapping (VFM) which estimates velocity vectors from color Doppler dataset [7] , [10] . In this approach, two-dimensional assumptions are used to develop a 2-D vector field distribution by deducing the angular velocity components. The clinical potential of these promising methods are still under investigation. The objective of this study was to propose a new echocardiographic methodology, called Doppler vortography, for a thorough quantification of intracardiac vortices based on conventional Doppler images only. Based on symmetric properties observed in the Doppler field in the presence of vortices, we propose an index called "blood vortex signature" (BVS) obtained using a specific covariance-based kernel filter. This method can be easily implemented for routine checks to recoDoppler Vortography -Detection and Quantification of the Vortices in the Left Ventricle Forough Mehregan, Stéphan Muth, Louise Allard, Guy Cloutier, and Damien Garcia W gnize abnormal blood flow patterns at early stages of heart failure and to potentially provide an early marker of ventricular insufficiency. This manuscript mainly focuses on the validation of Doppler vortography and the estimation of the core vorticity by means of numerical and PIV (particle image velocimetry) data. Some preliminary results issued from healthy subjects and patients with heart disease are illustrated and discussed in the last section.
II. METHOD
In this section, we describe a new echocardiographic methodology -that we called Doppler vortography -for detecting and quantifying the vortices that form in the left ventricle during diastolic filling. Because this technique makes use of the conventional Doppler velocities only, Doppler vortography is fast, clinically-compliant and does not require any specific clinical adjustments. Assuming that the vortices are nearly axisymmetric, the vorticity -which describes the local rotational characteristics of the fluid -is estimated at the center of the detected vortices. In the following, since this manuscript focuses on ultrasound cardiac imaging only, the Doppler data are represented in a polar coordinate system (r,θ) whose origin is given by the central location of the phased-array transducer. In this configuration, the Doppler velocities thus represent the radial components of the velocity field. 
A. Blood vortex signature (BVS)
By definition, a vortex is a fluid pattern that has a rapid swirling motion around its center. As a phased-array cardiac probe scans across the core of a vortex whose diameter is significantly larger than the ultrasound beam width, the Doppler velocities can provide a good representation of the velocity distribution across the vortex. Due to the centrosymmetric properties of a vortex, scanning such a flow pattern yields a scanline of zeroes surrounding by two maxima of opposite signs, as portrayed in Fig. 1A . Because of the nearly rotational symmetry of a vortex, it can also be noticed that flipping left to right a small kernel centered on the vortical core mostly modifies its sign only. Mathematically speaking, if (r c ,θ c ) denote the coordinates of the vortex center, the Doppler velocities V D at the vicinity of (r c ,θ c ) follow an odd function with respect to the angular component:
, if r ≈ r c and θ ≈ θ c .
(1) Using this property, we can define the blood vortex signature (BVS). For this purpose, we now consider V D as a matrix array so that V D ij = (r ij ,θ ij ). Let W ij represent a small window centered on (r ij ,θ ij ). The BVS parameter is given by:
where R stands for the ramp function (i.e. R(x) = x, if x≥0; = 0 if x<0) and "fliplr" represents a matrix operator that flips the columns in the left-right direction. The scalar S ij (= 1 or -1) reflects the direction (trigonometric vs. clockwise) of the vortex and can be easily calculated using a simple linear convolution. The BVS concept is depicted in Fig. 2 . Due to the covariance measure in (2), the blood vortex signature is expected to have a high amplitude at the vicinity of a vortex and reaches a local extremum at its center. As an example, Fig. 1B illustrates the BVS related to the Doppler field represented in 1A. It can be noticed that the BVS amplitude is maximal at the core of the vortex. 
B. Estimation of the core vorticity
As claimed in the previous paragraph, the BVS reaches a relative extremum at the center of a vortex. Measuring BVS by Doppler vortography may thus allow one to detect the vortical structures that form in the left ventricle during early filling. According to the recent literature devoted to the diastolic flow patterns, an accurate quantification of the intraventricular vortices could be of high clinical relevance, especially in acute myocardial infarction. A vortex can be mainly described by its core vorticity that is the vorticity at the center of the vortex, i.e. where the velocity vanishes. By definition, the vorticity in polar coordinates is given by:
Because Doppler echocardiography provides the radial velocity component only (i.e. V r = -V D ), the expression (3) is of no use in the clinical context. Assuming now that the vortex is nearly axisymmetric, one has, at the center of the vortex:
, for (r,θ) = (r c ,θ c ).
Using (3) and (4), the core vorticity can be thus written as: (5)
C. Numerical analyses using mock Doppler fields
In order to quantify its accuracy, Doppler vortography was tested on 200×64 (i.e. 64 scanlines and 200 depth steps) mock Doppler fields with additive noise. The original Doppler velocity field (V D 0 ) was obtained by zeroing the angular velocity components of a vortex pair (see Fig. 3A-B) . V D 0 was corrupted by a zero-mean Gaussian white noise with a velocity-dependent local variance:
where V D n represents the noisy Doppler velocity field, and α is a positive scalar that regulates the amount of noise. Thirty noisy configurations were tested, with α linearly spaced between 0 (SNR = +∞) and 0.725 (SNR = 3 dB). Five hundred Doppler fields were simulated based on a Monte-Carlo method for each of these configurations. The BVS was calculated in all these corrupt fields using equation (2) with a kernel size of 15×9 (see Fig. 3D ). The local extrema of the two main BVS patches (Fig. 3D) were detected and the core vorticities were estimated using equation (5) after a prior unsupervised smoothing of the noisy Doppler field [11] . The Doppler-derived core vorticities were compared with those estimated from the original vector flow field (Fig. 3C ) using the normalized root mean squared error. The relative errors on the vortex positions were also calculated. 
D. In vitro analyses based on PIV experimentation in a left heart model
In vitro experiments were performed using an atrioventricular dual activation pulse duplicator (ESIL, Marseilles, France). As previously described in [7] , this in vitro model consists of ventricular and atrial activation boxes, systemic and pulmonary circulation models, and a computerized driving interface [12] . The left heart cavities are compliant and transparent. A liquid made of 40% glycerol and of 60% saline water was used as a blood substitute. The in vitro system was set to simulate 3 different hemodynamic conditions: heart rate (bpm) / stroke volume (mL) = 60/65, 80/60 and 100/75. The velocity field within the ventricular cavity was measured using particle image velocimetry (PIV). The laser plane cut the mitral and aortic valve planes as well as the apex to simulate an apical long-axis view. Neutrally-buoyant Nylon particles, with a mean diameter of 15-20 µm were used as markers. The image series were processed with a standard commercial software package (Insight3G, TSI Inc., Shoreview, MN) using interrogation windows of 64×64 pixels, providing a spatial resolution of 2×2 mm 2 . Ensemble average velocity fields were obtained using 30 consecutive heart cycles. The PIV data were validated by means of an unsupervised regularizer [13] and the vorticity was estimated using the 8-point method [14] (see Fig. 4 ). Using these original PIV fields, 200×64 mock Doppler fields were simulated with the transducer located at the apical position (Fig. 4 ). As performed with the numerical simulations (see section I.C), the BVS was calculated using equation (2) with a kernel size of 15×9 (an example is given in Fig. 4) . The local extremum of the BVS patch corresponding to the main diastolic vortex (see Fig. 4 ) was detected and the core vorticity was estimated using equation (5) . The Doppler vortographyderived core vorticities (Eq. 5) were compared with those measured from the original PIV field (8-point method) using a standard linear regression. This analysis was performed on the frames related to diastolic filling only (total = 14 frames). 
III. RESULTS
The numerical analyses issued from the vortex pair (see section I.C) show that Doppler vortography (Eq. 5) slightly overestimated (12%) the core vorticities without additive noise (Fig. 5, left) . Due to some smoothing effect, this error decreased as the SNR decreased and significant underestimation appeared when the Doppler field became highly corrupted (SNR<10 dB). As expected, the errors on vortex position as determined by the BVS extrema increased when the SNR decreased (Fig. 5, right) . However, the vortex core detection by Doppler vortography remained highly accurate even with extremely noisy Doppler fields (errors < 2.5%). The numerical analyses performed on an ideal vortex pair pattern thus show that Doppler vortography is robust to noise and may provide accurate detection (error < 5%) and quantification (error < 15%) of the vortical structures. Regarding the mock Doppler fields issued from the PIV data, a high correlation was observed (ρ = 0.95, p < 10 -6 ) between the ground-truth PIV-and Doppler-derived core vorticities (i.e. 8-point method vs. Eq. 5, see Fig. 6 ). As with the numerical simulations (Fig. 5, left) , a systematic overestimation, however, was observed (Fig 6) . These results show that Doppler vortography can provide an accurate surrogate of core vorticity in the left ventricle. 
IV. DISCUSSION AND PERSPECTIVES
Detection and quantification of the left intraventricular vortices that emerge during early filling could be of high clinical interest in the study of LV function. Numerical results based on realistic mock Doppler fields clearly demonstrated that Doppler vortography can provide reliable measures of left ventricular vortices. As a very preliminary analysis, to test whether this technique is readily applicable in the clinical context, Doppler vortography was performed on five young healthy subjects using a GE Vivid E9 and on five patients with cardiac disease. BVS mapping revealed the presence of an anterograde vortex in contact with the anterior mitral valve leaflet ("A vortex", Fig. 7 ) at the end of the LV early filling both in healthy subjects and patients. This vortex was weaker in the patients with severe heart dysfunction (e.g. patient #2, Fig. 7 ) probably due to an impaired left ventricular filling. The vortex adjacent to the posterior mitral valve leaflet was not always visible depending on the cross-sectional view. An atypical retrograde (counter-rotating) vortex was present in the apex of all of the patients (Fig. 7) . Such an abnormal vortex very likely affects the left ventricular myocardial efficiency. We believe that the presence of an apical counter-rotating vortex, as revealed by Doppler vortography, should be an early marker of left ventricular dysfunction. A quantitative analysis of the anterior and apical vortices by estimating their vorticity and radius could help to better assess the heart function in the echocardiography laboratory. 
